Reciprocity of inflammation, oxidative stress and neovascularization is emerging as an important mechanism underlying numerous processes from tissue healing and remodelling to cancer progression 1, 2 . Whereas the mechanism of hypoxia-driven angiogenesis is well understood 3, 4 , the link between inflammation-induced oxidation and de novo blood vessel growth remains obscure. Here we show that the end products of lipid oxidation, v-(2-carboxyethyl) pyrrole (CEP) and other related pyrroles 5 , are generated during inflammation and wound healing and accumulate at high levels in ageing tissues in mice and in highly vascularized tumours in both murine and human melanoma. The molecular patterns of carboxyalkylpyrroles are recognized by Toll-like receptor 2 (TLR2), but not TLR4 or scavenger receptors on endothelial cells, leading to an angiogenic response that is independent of vascular endothelial growth factor. CEP promoted angiogenesis in hindlimb ischaemia and wound healing models through MyD88-dependent TLR2 signalling. Neutralization of endogenous carboxyalkylpyrroles impaired wound healing and tissue revascularization and diminished tumour angiogenesis. Both TLR2 and MyD88 are required for CEP-induced stimulation of Rac1 and endothelial migration. Taken together, these findings establish a new function of TLR2 as a sensor of oxidation-associated molecular patterns, providing a key link connecting inflammation, oxidative stress, innate immunity and angiogenesis.
Angiogenesis can either promote host defence and tissue repair or exacerbate organ dysfunction resulting in disease. In many pathologies, angiogenesis and inflammation 6 are intimately related. Inflammatory cells release proangiogenic growth factors, including vascular endothelial growth factor (VEGF) 7 , which facilitate neovascularization. Newly formed blood vessels enhance inflammatory cell recruitment, thereby promoting chronic inflammation. Leukocytes, in particular myeloid cells, are guided by 8 and contribute to 9 oxidative stress and the generation of oxidative products, including hydroxy-v-oxoalkenoic acids and their esters ( Supplementary Fig. 1 ). When present in oxidized phospholipids, these molecules are recognized by the scavenger receptor CD36 and contribute to atherosclerotic progression and platelet hyper-reactivity 10, 11 . Hydrolysis followed by reaction of the resulting unesterified hydroxy-v-oxoalkenoic acids with proteins, or reaction of the esterified hydroxy-v-oxoalkenoic acids with proteins followed by hydrolysis, gives rise to a family of carboxyalkylpyrrole protein adducts (CAPs), among them CEP and similarly modified compounds ( Supplementary Fig. 1 ). These adducts, present in oxidized low-density lipoprotein, accumulate in atherosclerotic plaques and are found in the retina 12 , where they promote choroidal neovascularization and agerelated macular degeneration 5, 13 . These adducts, CEP in particular, are transiently present during wound healing, reaching a maximum 3 days after injury before returning to original levels when the wound has healed (Fig. 1a, b and Supplementary Fig. 2a-c) . This increase coincides with the recruitment of bone-marrow-derived cells ( Supplementary Fig. 2b ), which generate additional oxidants 9 . A substantial proportion of CEP (about 60% at 3 days, about 50% at 7 days) is present in F4/80 1 macrophages (Fig. 1c ) but not in Gr-1 1 neutrophils (Supplementary Fig. 2c ). High levels of CEP coincide with intense wound vascularization, suggesting a role for CEP in wound angiogenesis (Fig. 1a, b) . In contrast to wounds, in pathological states CEP levels were continuously elevated. In melanoma, showing excessive vascularization and inflammation (assessed by CD31 and CD68 staining, respectively), CEP levels were elevated sixfold (Fig. 1d) . Similarly, in murine melanoma, CEP levels were elevated ninefold ( Supplementary Fig. 3 ). In contrast to wound and tumour tissues, CEP in uninjured muscle was confined to arteriolar smooth muscle cells (Fig. 1e) . CEP accumulation increased in ageing tissues (Fig. 1f) . These data suggest a role of CEP in inflammationassociated vascularization.
When tested on endothelial cells (ECs) from human umbilical vein, mouse lung or aorta, CEP had a proangiogenic effect comparable to that of VEGF, as evaluated in various assays ( Fig. 2 and Supplementary  Figs 4 and 5) . Similarly to VEGF, the effect of CEP was mediated by integrins ( Supplementary Fig. 5b ). The proangiogenic effect was dependent on the presence of pyrrole adducts, and the protein moiety did not influence the effect of CEP, because adducts coupled to mouse serum albumin, human serum albumin or a dipeptide were equally effective ( Fig. 2a and Supplementary Fig. 4 ).
However, in contrast to VEGF, stimulation of ECs with CEP did not result in phosphorylation of VEGF receptor 2 (VEGFR2) (Supplementary Fig. 6 ). Moreover, CEP-induced effects both in vitro and in vivo were not decreased by the VEGFR kinase inhibitor AAL-993 (ref. 14) at a concentration sufficient to block VEGF-A effects (Fig. 2b, c) ; vehicle alone had no effect (data not shown). In a wound healing assay, CEP accelerated vascularization and wound closure; this effect was unimpeded by AAL-993, which delayed wound closure in control animals (Fig. 2d) . Thus, CEP activates the proangiogenic responses independently of VEGF/VEGFR2 signalling. Adducts from the same family of CAPs ( Supplementary Fig. 1 ), represented by carboxypropylpyrrole (CPP), were also proangiogenic ( Fig. 2a and Supplementary Figs 4a, b and 5a), indicating that the ECs respond to the molecular pattern rather than to a particular chemical moiety.
To identify receptors mediating CEP-induced angiogenesis, we tested the role of CD36 and SR-BI scavenger receptors, as CD36 recognizes precursors of CAPs 11 . Both CEP and CPP adducts were as effective on CD36 2/2 and SR-BI 2/2 ECs as they were on wild-type cells (Supplementary Fig. 7a-d) , indicating that scavenger receptors are not involved in the recognition of these adducts.
Because ECs respond to the molecular pattern of CAP, which is a characteristic feature of oxidative stress, we proposed the involvement of TLRs in CEP-induced angiogenesis. TLRs recognize several damageassociated molecular patterns, including pathogen-associated molecular patterns (reviewed in refs 15, 16) and ligands of host origin contributing to immune defence and to sterile inflammation, respectively. We focused on TLR2 and TLR4 because they are expressed on the endothelium, are implicated in angiogenesis 23 and are known to recognize a broad range of protein and lipid ligands 24 . Anti-TLR2, but not antibodies against TLR4, inhibited CEP-induced, but not VEGF-induced, tube formation ( Fig. 2e) (Fig. 2g ). Pam3CSK4 was as effective as CEP or VEGF in tubulogenesis and cell adhesion assays, and the effect of Pam3CSK4 was eliminated by TLR2 antibodies (Supplementary Figs 9b and 10a). To investigate the relative roles of CEP and VEGF, we examined the effect of a VEGFR inhibitor, AAL-993, or TLR2 deletion in wound healing. Inhibiting either pathway had a similar effect and in combination they led to additive inhibition of wound closure ( Supplementary Fig. 10b ).
Having established the role of TLR2 in the proangiogenic effects of CEP on ECs, we speculated that CEP administration might promote vascularization in ischaemic or injured tissues. In a hindlimb ischaemia model, CEP-dipeptide injections resulted in 11-fold increase of the pyrrole adduct in muscle tissue ( Supplementary Fig. 11a ), which promoted the revascularization of the ischaemic limb ( Fig. 3a) and restructuring of collateral blood vessels bypassing the ligated femoral artery (Supplementary Fig. 11b ). Exogenous CEP affected vascularization in a TLR2-dependent manner (Fig. 3a) . Consequently, CEP injection increased blood flow in TLR2 1/1 mice but not in TLR2 2/2 mice (Fig. 3b) . In a wound model, exogenous CEP accelerated wound closure and vascularization in TLR2 1/1 mice but not in TLR2 2/2 mice (Fig.  3c) . Moreover, tumours implanted in TLR2 2/2 mice showed markedly decreased vascularization and increased areas of necrosis ( Supplementary Fig. 12) .
LETTER RESEARCH
To distinguish the effect of CEP on ECs from that on leukocytes, TLR2 animals healed more slowly and CEP had no effect on wound closure (Fig. 3d) . The difference was associated with a 2.5-fold increase in vasculature by treatment of TLR2 1/1 . TLR2 1/1 but not TLR2 1/1 . TLR2 2/2 animals with CEP (Fig. 3e) . Even in the absence of exogenous CEP, vascular area was diminished in wounds of
animals (Fig. 3f) . Moreover, melanoma vascularization in TLR2 1/1 . TLR2 2/2 animals was reduced relative to that in (Fig. 3g) . Thus, TLR2 on non-haematopoietic cells mediated vascularization induced by exogenous CEP and it also contributed to wound and tumour angiogenesis in the absence of an exogenous adduct.
Because CEP is accumulated at high levels during wound healing ( Fig. 1 and Supplementary Fig. 2 ) and in tumours (Fig. 1d and Supplementary Fig. 3) , we addressed the contribution of endogenously generated adducts to the process of vascularization in these models. Intravenous administration of neutralizing antibodies against CEP 13 , but not control antibodies, resulted in a more than twofold decrease in wound recovery (Fig. 4A) . Vascularization of wounds was also inhibited by anti-CEP but not control antibodies, demonstrating the significance of endogenously generated CEP in wound angiogenesis (Fig. 4B and Supplementary Fig. 13 ). Administration of anti-CEP, but not control antibodies, diminished the progression and vascularization of melanoma, and this effect was additive to that of the VEGFR inhibitor RESEARCH LETTER (Fig. 4C) . Thus, the CEP/TLR2 axis drives VEGF-independent angiogenesis in a variety of pathological conditions. The key mechanism underlying the broad ligand specificity of TLR2 (ref. 24 ) is its heterodimerization with other members of the TLR family, particularly TLR1 and TLR6 (ref. 26) . In a tube formation assay, anti-TLR1 and anti-TLR2, but not anti-TLR6 blocking antibodies, diminished the CEP-induced angiogenic response (Fig. 4D) , indicating the involvement of TLR2/TLR1 heterodimers in CEP recognition. It seems that CEP interacts directly with TLR2, because recombinant TLR2 bound the CEP protein adduct but not the carrier protein alone (Supplementary Fig. 14a ). Similarly to other TLR2 ligands, CEP stimulated NF-kB in a cell-based assay (Supplementary Fig. 14b) .
Next, we evaluated the role of MyD88, a mediator of TLR2 signalling, in the proangiogenic activity of CEP. CEP-induced EC sprouting is dependent on MyD88 because MyD88 2/2 cells did not respond to stimulation by CEP (Fig. 4E) . VEGF-induced angiogenesis was not affected by the lack of MyD88 (Fig. 4E) . Considering that CEPinduced angiogenesis is integrin-dependent, we focused on mediators of integrin and TLR signalling. Rac1 mediates integrin-dependent migration in vascular development 27 and is reported to be activated downstream of TLRs 28 . Accordingly, we assessed the loading of Rac1 with GTP in response to treatment with CEP. GTP-bound Rac1 is increased by treatment of TLR2
2/2 cells, with CEP (Fig. 4F) . Thus, lipid oxidation products, represented by CEP, promote the angiogenic responses of ECs by activating TLR2 signalling in a MyD88-dependent manner, resulting in Rac1 activation, which in turn facilitates integrin function.
Taken together, our results establish a novel mechanism of angiogenesis that is independent of hypoxia-triggered VEGF expression. The products of lipid oxidation are generated as a consequence of oxidative stress and are recognized by TLR2, possibly in a complex with TLR1 on ECs, and promote angiogenesis in vivo, thereby contributing to accelerated wound healing and tissue recovery. If high levels of CEP and its analogues accumulate in tissues, it may lead to excessive vascularization, for example, in tumours. Contribution of the CEP/TLR2 axis to angiogenesis varies in different physiological settings, possibly depending on the extent of oxidative stress. CEP-driven angiogenesis may be an attractive therapeutic target, especially in cancers resistant to anti-VEGF therapy. Inflammation and oxidation-driven angiogenesis may occur in other pathologies, for example atherosclerosis, in which arterial thickening can depend on its microvasculature. In these settings there is an extensive generation of oxidative products that might promote atherogenesis through TLR2. Indeed, it was shown that TLR2 2/2 mice are protected from atherosclerosis, and this effect could be mediated by cells other than those derived from bone marrow 29 . Thus, along with pathogen-associated and danger-associated molecular patterns, TLR2 recognizes an oxidation-associated molecular pattern. This function of TLR2 as a sensor of oxidative stress reveals the shortcut link between innate immunity, oxidation and angiogenesis.
METHODS SUMMARY
Immunostaining was completed to assess the presence of endogenous CEP in various tissues. Tube formation assays, Matrigel plug assays, wound healing assays, aortic ring assays, tumour implantation models, and a hindlimb ischaemia model evaluated the angiogenic effects of CEP and TLR2. TLR2 1/1 and TLR2 2/2 mice were used for the above assays and in bone marrow transplantation studies. Immunohistochemistry and image analysis. For immunofluorescence staining, we used rabbit polyclonal anti-CEP (described in ref. 5) , anti-CD31 (BioLegend), anti-aSMA (Rockland) and anti-CD68 (BD Biosciences) antibodies. We embedded samples in OCT freezing medium and prepared tissue sections 7 mm thick. Sections were fixed in 4% paraformaldehyde. After incubation with primary antibodies, samples were washed with PBS and exposed to a Alexa Fluor-labelled secondary antibody, namely goat anti-rabbit Alexa Fluor488, anti-rat Alexa Fluor568 or antimouse Alexa Fluor568 (Invitrogen). The slides were mounted with medium (DakoCytomation) and images were taken by either a TCS-SP microscope (Leica) or a ZMZ1000 microscope (Nikon). For quantification, the images were analysed with ImagePro software (Media Cybernetics). Bone marrow transplant (BMT) and wound assay. We performed BMT as described previously 30 . In brief, we subjected two-month-old male wild-type TLR2 1/1 or TLR2 2/2 mice to irradiation with a total dose of 9 Gy followed by bone marrow reconstitution by tail vein injection with 10 7 bone marrow cells isolated from donor femurs. Eight weeks after BMT, mice were used for wound healing assays. A back punch wound healing model was used as described 31 .
Where indicated, mice were given subcutaneous injections (1.4 mg per g body weight) of CEP-dipeptide (molecular mass 381.42 Da) at the time of injury and on days 2, 4 and 6. Separately, control mice were subjected to a back punch and injected subcutaneously with CEP-dipeptide (30 mg) and AAL-993 (13 nmol) on alternate days within 1 cm of the wound edge. Aortic ring assay. The mouse aortic ring assay was performed as described previously 32 . Aortic rings were treated with CEP-dipeptide (0.5 mg ml Isolation of endothelial cells. Mouse lungs were excised, minced, and digested with a collagenase-dispase reagent (Roche Diagnostic). Digests were strained and the resulting cell suspension was plated on flasks coated with 10 mg ml 21 fibronectin. Thereafter, endothelial cells were isolated and characterized as described previously 32 . Tube formation assay. Human umbilical-vein endothelial cells or mouse lung endothelial cells were seeded on Matrigel-coated plates (BD Bioscience). Medium was supplemented with VEGF (60 ng ml
21
) or protein adducts (0.5 mg ml
) as indicated, and cells were further incubated at 37 uC for 8 h. Anti-CEP blocking antibodies (developed by R.G.S.), anti-TLR2 and anti-TLR4 blocking (BioLegend) and isotype control antibodies (IgG2a; BioLegend) or anti-TLR1 and anti-TLR6 blocking antibodies (InVivoGen) were added at 15 mg ml 21 at the beginning of the experiment. Alternatively, we incubated cells with 100 nM AAL-993 (Enzo Life Sciences). Tube formation was observed with a phase-contrast inverted microscope, and photographs were taken of each well. The data were quantified by measuring the length of tubes with ImagePro software. Matrigel plug assay. Matrigel (500 ml) containing AAL-993 (200 nM) in combination with VEGF (250 ng) or CEP-dipeptide (10 mg ml
) was injected subcutaneously into C57BL/6 mice. Plugs were removed after 7 days and sectioned. Hindlimb ischaemia model. The femoral artery was ligated near the caudally branching deep femoral artery, and a second ligation was placed in the proximity of the tibial artery branching. The portion of the artery and vein between the ligation points was excised. CEP-dipeptide was administered as a solution in PBS (1.4 mg per g body weight) injected intramuscularly distal to the ligation site, with injections every 48 h starting at the day of operation. Intramuscular CEP content was evaluated by immunohistochemistry and quantified with ImagePro software. Hindlimb blood flow was measured by a laser Doppler moorLDI2-IR near-infrared laser Class 3R (Moor Instruments) in arbitrary perfusion units (PU). The results were plotted as a ratio of the operated leg to the non-operated leg for each animal to account for variations between animals. Tumour implantation. B16-F10 murine melanoma cells (ATCC) were injected subcutaneously (1.25 3 10 6 cells per injection) in wild-type or BMT animals as indicated. Tumours were analysed at day 10 after implantation. Mice were injected intraperitoneally with AAL-993 (25 mmol), anti-CEP antibody (5 mg per g body weight) or isotype control (IgG2a, 5 mg per g body weight). Rac1 activation assay. In each assay we used 2 3 10 6 cells lysed in 500 ml of buffer (25 mM HEPES-KOH pH 7.5, 250 mM NaCl, 1% Nonidet P40, 10% glycerol, 10 mM MgCl 2 , 2 mM EGTA). GST-PAK-PBD (Glutathione S-transferase-p21-activated kinase 1-p21-binding domain) pre-absorbed on glutathione-agarose beads (Cytoskeleton) was added as 20 ml of 50% slurry followed by incubation on a rotary shaker for 45 min at 4 uC. Beads were washed four times with lysis buffer before elution with SDS-PAGE sample buffer. Rac1 was detected by western blotting (clone 102; BD Bioscience). Statistical analysis. All data are presented as means and s.e.m. Probability values were based on a paired t-test: NS, not significant; asterisk, P , 0.05; two asterisks, P , 0.01; three asterisks, P , 0.001.
